The manner in which limitation of nicotinic acid in cultures of Lactobacillus arabinosus limited their formation of titratable acid has been examined. This system forms the basis of a much-used microbiological assay of nicotinic acid.
5 x 10s mol. of acid produced, 1 mol. of nicotinic acid was lost. This molar ratio has been called the catalytic capacity of nicotinic acid for the formation of titratable acid in the present system. Its value was independent of the changes in pH during assay and of the actual rate of acid formation.
The use of the terms catalytic capacity and catalytic activity has been assessed, and relationships between them and the quantities of titratable acid produced at different times have been expressed mathematically. During the assay as it is ordinarily performed, only part of the catalytic capacity of the added nicotinic acid was found to be used. About half the acid remained in the cells, and these remained capable of the formation of titratable acid, after the 3 days at which the acid formed in assay cultures is commonly titrated.
Because nicotinic acid was lost from the bacteria in proportion to their formation of titratable acid, the assay system could compensate for initial fluctuations in such circum stances as temperature or the quantity of bacterial cells.
Metabolism of nicotinic acid 13 I n t r o d u c t io n
Microbiological assays, now widely used for estimating vitamin-like compounds, have been developed largely empirically. They however exhibit regularities which are shown below to give information on the metabolic changes undergone by vitamins in living organisms.
Thus an assay of nicotinic acid by Lactobacillus arabinosus is carried out by titrating the quantities of lactic acid formed in cultures containing glucose and varying quantities of nicotinic acid. I t was found th at limitation of nicotinic acid limited: (1) the quantity of organisms formed; (2) the rate of acid formation; and (3) the total quantity of acid produced when th a t ceased to increase rapidly. I t was found also (4) th at measurement of the acid produced gave more reliable results than did the measurement of microbial growth, and th at no direct proportionality existed between the quantity of organisms formed and either the rate of acid production or its final amount. On the basis of a common supposition th a t nicotinic acid affected acid production by hmiting growth, results (1) and (2) would be anticipated but not results (3) and (4). This assay has been examined and reciprocal connexions found between the organism's metabolism of glucose and of nicotinamide.
E x p e r i m e n t a l
The method investigated was th at employing L. arabinosus 17/5 and developed by Snell & Wright (1941) , Krehl, Strong & Elvehjem (1943) and Barton-Wright (1946) . The medium and general conditions were exactly those of Barton-Wright (1946) except where otherwise stated. We employed as acid-hydrolyzed casein (at a concentration in the final medium equivalent to 1 % of casein) the preparation of Mcllwain & Hughes (1944) . The inoculum was grown by subculture from an agar slope to 5 ml. of assay medium containing 1 fig. of nicotinic acid. Incubation throughout was at 37° C, in most cases in an ordinary bacteriological incubator. In those experiments in which the early part of growth curves was followed with precision, cultures were maintained at 37° ± 0*05° C in a thermostatically controlled tank and shaken with a double oscillation of 8 cm. each sec. Acid production in 1 or 2 ml. aliquots was measured by titration with 0-1 or 0*05 N-NaOH. Bacterial growth was determined by measuring the optical densities of 0*5 ml. specimens of cultures (or of known dilutions of cultures) with a Hilger photoelectric absorptio-meter, using neutral filters and micro-cell attachments. Optical densities 0 were compared with bacterial weight ( w; mg./ml. after wa drying a t 100°) in several batches, and the relationship 0 x 0-34 = w was found. Bacterial weights quoted throughout are dry weights.
To prepare materials for assay, solutions or suspensions were made normal with respect to HC1, autoclaved at 15 lb./sq.in. for 20 min., made to pH 6-8 by NaOH and to a standard volume, and centrifuged free from any suspended matter. For experiments with non-proliferating suspensions, organisms were grown in quantities of 100 or 300 ml. of the assay medium, prepared with varying quantities of nicotinic acid. After growth the cells were collected by centrifuging, washed and resuspended in 0-9 % NaCl. By the present method, response of the organisms to nicotinic acid is normally measured by titrating the quantity of acid which has been formed during 3 days' incubation. Figure 1 shows th a t with quantities of nicotinic acid between 0-2 and 1*2 m/anol./lO ml. culture, this response is regular and bears an almost linear relationship to the quantity of added nicotinic acid. Such a response has been one of the aims of the investigators who devised the present assay conditions; we wish to inquire how this result has been achieved.
The other curves of figure 1 show th a t this acid has been formed gradually, and th a t the quantity of titratable acid formed by the first day is not so simply related to the quantity of added nicotinic acid. Increasing quantities of nicotinic acid within this range produce also increasing quantities of bacteria (figure 2), but the relationship between added nicotinic acid and quantity of bacterial growth is much less regular than th a t between nicotinic acid and acid titre. In the assay system some features therefore exist which ensure th at a given amount of nicotinic acid will lead to the formation of a given amount of titratable acid from glucose, although the glucose is always present in excess and the quantity of organisms which produce the acid may vary.
(b) Course of formation of acid and bacteria; their relative independence
Figures 3 and 4 show the course in time of bacterial growth and the formation of acid. They show th a t during the formation of a large part of the acid of an assay tube, the bacteria are growing to a very small extent only. The independence of acid formation and growth was shown even more clearly in the following experiment. A culture deficient in nicotinic acid was grown until its mass of growth and quantity of acid had reached approximately stable values. At this point (5 days; figure 5 ) a further quantity of nicotinic acid, equal to th at present initially, was added. This resulted in the prompt formation of further acid, which again approached a limit after a few days. Its final quantity was about twice th a t given by the first dose of nicotinic acid. I t was found, however, th at the quantity of cells present in the culture was almost unaffected by the second addition of nicotinic acid (figure 5.) Subcultures showed the cells still to be viable. Here, the process of acid formation had been completely dissociated from growth. A possible interpretation of the limited acid formation in earlier experiments was th a t a given quantity of acid produced a given quantity of cells, which slowly died or became generally en feebled. Decay is now seen to be confined to systems specifically related to nicotinic acid, as addition of nicotinic acid only, caused resumption of acid formation. 
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(c) Rate of acid formation; the catalytic activity of nicotinic acid
The course of acid formation has therefore been studied in more detail. L. arabi nosus was grown in triplicate series of flasks containing 50 ml. of assay medium with varying quantities of nicotinic acid. These were sampled a t intervals and the titratable acid determined. Results are given in figure 6. I t will be seen th at the curves at each time, when extrapolated to intersect the nicotinic acid-axis, do so at nearly the same point. This is interpreted as representing nicotinic acid in the medium before additions were made. In the present experiment the quantities concerned were 0*23 m/tmol./lO ml., and in subsequent calculations this has been included in the content of nicotinic acid initially present in each flask. A series of
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acid-formation/time curves similar to th a t of figure 4 was constructed from the data of this experiment, and the slopes of the curves a t different times determined graphically. Values were thus obtained for the rate of acid formation, and in figure 7 these rates are plotted against the total quantity of nicotinic acid initially present in the cultures. The curves of figure 7 show the characteristics of the following two paragraphs.
L / 160/hr.
40 -5 hr. (i) Apparent catalytic activity. W ith smaller quantities of nicotinic acid, the rate of acid formation increased linearly with increase in nicotinic acid. At 18 hr., 1 m/raiol. of nicotinic acid could lead to the formation of some 12,000 m/miol. of titratable acid/hr., and 0*5 m/tmol. to 6000 m/tmol./hr. To discuss this relationship it is proposed to call the rate of acid formation per unit quantity of initial nicotinic acid, the apparent catalytic activity (in mol. titratable acid/mol. nicotinic acid/hr.) of nicotinic acid in catalyzing the formation of acid in the present system. This is a simpler relationship than might have been anticipated in the assay; it is to be expected of a system in which a catalyst (e.g. coenzyme I or II) is present in limiting amounts.
(ii) Catalytic activity. Further changes are, however, occurring during the assay. The apparent catalytic activity of nicotinic acid fell with time, from some 12,000 mol./mol./hr. at 18 hr. to 2500 mol./mol./hr. at 72 hr. W ith the smaller quantities of nicotinic acid the fall in the logarithms of the apparent catalytic activities was linear (figure 8). By extrapolation to the time at which bacterial growth was first considerable (t = 16 hr.) a maximum value for the activity of nicotinic acid as catalyst could be obtained. I t is proposed to call this the catalytic activity of the acid. (2)
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Changes in nicotinic acid during assay (a) Loss from cells; the catalytic capacity of nicotinic acid
As the relationship between added nicotinic acid and rate of acid formation was a simple one in the initial phases of growth, but changed later, it was suspected th at the bacterial nicotinic acid itself might be undergoing change with time. To investigate this, a culture of L. arabinosus was grown in a batch of the assay medium deficient in nicotinic acid, and samples taken from it at intervals. The cells were separated and their nicotinic acid was determined; the results (table 1) a direct proportionality between the two changes was found (figure 9). The ratio mol. titratable acid formed/mol. nicotinic acid lost was relatively stable (8*0, 5-2, 6-4 x 105; mean, 6*1 x 105; see also below), and will be referred to as the catalytic capacity exhibited by nicotinic acid. (6) Course of the change If nicotinic acid remained the limiting factor in acid formation during the period of assay, and continued to have the same catalytic activity, the course of formation of titratable acid would be completely specified and would in general follow a course similar to th a t of figure 3. This is shown in the following section.
Metabolism of nicotinic acid (c) (b) (a)
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(3) Quantitative interconnexion between changes during assay
The definition of catalytic capacity c can be expressed as = -( ), where Q -quantity of titratable acid and q -quantity of nicotinic acid a t time t, and q0 = nicotinic acid present initially; and th at of catalytic activity a as From these can be derived log q = log q0 -( t log e. This indicates, first, th at the logarithms of the quantity of nicotinic acid remaining in the assay system, should fall linearly with time. Experimental findings are recorded in figure 10 and are seen to be in approximate agreement with this expectation. The agreement is approximate only, and reasons for this are discussed below. Further, the rate of fall in the logarithms of the quantities of nicotinic acid remaining should be inde pendent of the initial quantity of nicotinic acid. From figure 10 this appears to be substantially the case.
Some of the constants of the last equation may be evaluated from figure 10. The intercept at t = 1 6 hr. (not t = 0; see above) should g quantity of nicotinic acid, and this was found to be so. The slope gives a/c log e = 3*3, 3*7 and 3*8 x 10-3, whence a/c = 8*3 x 10-3 hr.-1. I t will be observed th at the values for a and c derived previously give a ratio of 1-2 x 104/6* 1 x 105, or 1-95 x 10-2 hr.-1. We have confirmed (see below) th at the value for c derived previously holds good during assay; the present ratio therefore suggests a value of 8*3 x 10-3 x 6-1 x 105, or 5*1 x 103, for a. The first two equations also yield log dQjdt = log aq0 -(ajc) t log e. Figure 11 (from data of figure 7) shows the logarithms of the rate of acid formation to fall linearly with time as is required by this expression; intercepts a t = 16 hr. should give log aq0 and so afford values for a. Table 2 gives such values and also values for c which are obtained from the slopes of the fines of figure 11; both are in agreement with those previously obtained independently. 
(4) Variation in catalytic activity
The definition of catalytic activity was based on the rates of acid formation at the beginning of growth; values for a fell with time and must now be compared with the concomitant fall in nicotinic acid. This has been done in table 3, which shows that acid formation fell a t a greater rate than could be accounted for by change in nicotinic acid. At least two factors seemed likely to be involved in th is: ageing of the cells, and changing pH following acid production. Variation in catalytic activity with pH was determined as follows. Batches of cells were grown under assay conditions, from limited nicotinic acid, for 2 days. They were then harvested, washed, and used as non-profiferating suspensions. The suspensions were added to batches of basal medium without added nicotinic acid and buffered at different pH values. The quantities of acid produced under the different conditions were determined in the usual manner but over shorter experimental periods of 2 to 8 hr The course of acid formation in time was approximately linear, and defined values were obtained for the rates of acid formation. These were about twice as great at pH 6-7 as at pH 5. The quantities of nicotinic acid in the original suspensions were determined by assay of aliquots of the original suspensions of cells, and the rate of acid formation expressed as /tmol. titrated acid//miol. nicotinic acid i.e. as catalytic activities. These fell with fall in pH as indicated in figure 12. In figure 12 have also been gathered values for catalytic activity of nicotinic acid as determined during assay. These form an irregular group with mean values 0-5 to 0*7 of those given by the resting suspensions a t the same pH. Much of the scatter appears due to experimental circumstances which are not strictly controlled during assay. Beyond this scatter it appears th at the fall in catalytic activity of nicotinic acid in assay below th a t of resting suspensions of cells increases with tim e; this may be attributed to ageing of the cells, which was next investigated.
Rates of acid formation by cells reaped at different times after inoculation were determined manometrically with and without additions of nicotinic acid (table 4) . On the first day, Qcoz values (corresponding to /rniol. acid formed/m of about 15 to 17 were obtained, and these were found to fall with increasing period of growth. The relation of the cultures to nicotinic acid was also studied by adding nicotinic acid during the manometric experiments with harvested organisms. Acid formation by cultures on their first day was slightly increased by added nicotinic acid; this effect remained slight on the second day also, when excess of nicotinic acid had been added in growing the culture (table 4 (6)). In a deficient culture (table 4 (a)) stimulation by nicotinic acid increased from day to day; on the second day the increase was to 150 % of the value before addition of nicotinic acid, and on the third day to 280 %. In spite of this, however, the final values for Qc02 fell with increasing age of the parent cultures. After 5 days the rate with nicotinic acid was 67 % of its initial value. These observations were made in solutions buffered throughout at pH 7 and therefore represent changes in the acid-forming systems which are independent both of nicotinic acid and of pH. A further point remained to be decided before the preceding interpretation of table 4 was fully satisfactory. Nicotinic acid presumably exerted its catalytic effect in acid formation as a derivative such as cozymase. Growing cells could then synthesize cozymase very effectively from nicotinic acid, but it remained possible that older cells could not do so. Table 5 , however, shows th at cozymase synthesis was adequate a t even 7 days. (It is to be emphasized th at this observa tion refers to experiments a t pH 7, and not a t the pH of about 5 which would be attained in assay after 7 days. Synthetic ability at pH 7 is relevant to the inter pretation of table 5, and gives the data necessary for concluding th a t acjd-forming systems deteriorate during assay. Synthetic ability at various pH values is relevant to the assay as a whole, and has been investigated; it will be reported elsewhere.)
T a b l e 3. D e t e r m in a t io n o e c a t a l y t ic a c t iv it y o f n ic o t in
T a b l e 4. E f f e c t o f n ic o t in ic a c id o n b a t e s o f a c id f o b m a t io n BY CTTLTTJBES OF L A C T O B A C IL L U S
Cells were grown in batches of assay media initially containing the quantities of nicotinic acid specified below. At the times indicated the cells were harvested, washed with saline and suspensions equivalent to 2 to 3 mg. dry wt. added to Warburg vessels containing glucose (150/tmol.), NaHCOs (80/tmol.), and the inorganic (but not ammonium) salts of the growth medium, in a final volume of 3 ml. Nicotinic acid (4/tg.) was contained in a side arm and the whole equilibrated with 5% C02-N2. In several cases lactic acid was determined chemically and found to account for 92 to 95 % of the C02 evolved. Nicotinic acid, nicotinamide and cozymase were found to have similar effects in the instances examined (which did not however include limiting quantities of the substances). 
BY OBGANISMS HABVESTED AT DIFFEBENT TIMES DUBING ASSAY
A 300 ml. culture of L. arabinosus, 1-63 x 10~7 m with respect to nicotinic acid, was grown for 40 hr. in the assay medium and a 100 ml. portion separated to give the 2-day-old cells. To half of this while still sterile, nicotinic acid was added to make the solution 1*3 x 10~6 m and the suspension left for 3 hr. at 37° C. The cells from this and from the untreated half were reaped, washed once with 0*9 % NaCl and added to bicarbonate saline with 0-07 m glucose, in Warburg vessels. These contained either cozymase or nicotinic acid, to make final concentra tions of 4 x 10-6 m, in side arms. After determining the initial rate of C02 evolution, without addition, the nicotinic acid and cozymase were added. Response to the substances added was completed within 10 min. and the new rates were determined during the next 20 min.
After 7 days' growth, a similar experiment was performed with the remainder of the culture. The restoration of acid formation was brought about by concentrations of nicotinic acid which were higher than those available during assay, and even after the restoration (table 4) nicotinic acid did not exert its full catalytic activity. The extent to which the catalytic activity had fallen was assessed as follows. After 7 days, 31 % of the original nicotinic acid remained in the cells of figure 10. Glycolysis by organisms on the 7th day after inoculation and following a short incubation with nicotinic acid was found to be 12*2 ® /q of the value at 24 hr. The cells as they existed on their 7th day were therefore such th at the remaining nicotinic acid could exert only 40 % of its full catalytic activity. I t actually exerted less than this value, and only 27 % of th at which would initially have been exerted by the quantity of acid remaining. This is to be compared with an observed fall in catalytic activity of from 12*5 to 3*5 x 104, or to 2 8 % of the initial value. The manometric and growth experiments therefore give consistent pictures of the falling catalytic activity of nicotinic acid.
Beyond the fall in acid formation due to change in pH and to loss of nicotinic acid, changes due to decay in other systems concerned with glycolysis can therefore be discerned. This is understandable, as the type of relationship a t present observed between glycolysis and loss of nicotinic acid exists also between glycolysis and other vitamin-hke substances (Mcllwain 1947 ).
D i s c u s s i o n (1) Nicotinic acid derivatives as catalysts
Two new terms-catalytic activity and catalytic capacity-have been employed in the present study, and their use requires assessing.
(a) Catalytic acitivity. The catalytic activity, or mol. titratable acid formed/mol. nicotinic acid/hr., has the form of an enzyme turn-over number. The acid titrated is largely lactic acid, and the nicotinic acid of L. arabinosus exists largely as cozymase (Mcllwain, Stanley & Hughes 1948) . Although a turn-over number would be applicable in describing, for example, the activity of triosephosphate dehydro genase, isolated from cells, towards 3-phosphoglyceraldehyde and cozymase (that from yeast catalyses the reaction a t the rate of some 106 mol./mol./hr.: Warburg & Christian 1940) , this turn-over number would not immediately be applicable to the dehydrogenase as it exists in the cell. There the pH and substrate concentrations are defined physiologically; for a turn-over number they are such as to permit maximal enzyme activity. Also, the enzyme turn-over number would not be the same as the number of molecules of 3-phosphoglyceraldehyde caused to react per unit time per molecule of cozymase available. For although the cozymase can be regenerated and so is in effect a catalyst as well as a substrate, it may be present in molar concentrations which differ considerably from those of the dehydrogenase protein. I t is to describe the activity of such a system in terms of cozymase th at the term catalytic activity has been applied.
The values found for the catalytic activities of nicotinic acid in normal (i.e. not aged) cells of L. arabinosus during assay and in related conditions were between 0-4 and 1*4 x 104 mol./mol./sec. They are therefore numerically much smaller than the turn-over number of the somewhat comparable enzyme which has been quoted above. The turn-over number and catalytic activities in the two cases refer to different organisms, but in general terms a catalytic activity determined under the conditions of assay can be expected to be less than the potential turn-over number of a corresponding enzyme. In assay, the system is necessarily suboptimal in coenzyme concentration, and cozymase exists partly as its dihydro compound.
(6) Catalytic capacity. A given quantity of nicotinic acid yielded only a certain quantity of titratable acid before being lost to the system; the molecular ratio between these two quantities was called the catalytic capacity of nicotinic acid in the assay system. Its value (c. 5 x 105) was found to be independent of small changes in pH or of relatively large changes in the rate of acid formation. I t can be regarded also as representing a ratio between the rates of two processes: those of acid formation and those whose net result is loss of nicotinic acid from the bacterial cells. Its relative constancy suggests th at formation and loss of nicotinic acid are connected in some way beyond th at ordinarily implied by the fact th at nicotinic acid forms part of the acid-producing systems of the cells.
Similar phenomena have been reported in certain other systems, by Lwoff & Lwoff (1937) , Lennerstrand (1941) , Mcllwain & Hughes (1944) and by Mcllwain (1946) . Lwofif & Lwoff (1937) suggested in explanation of such behaviour th a t the coenzymes, not being perfect catalysts, suffered a 'wrong' type of reduction and reoxidation in hydrogen transport. The following is a more general way of regarding such phenomena. Cozymase is not entirely stable, though its spontaneous de composition a t pH values between 5 and 7 and at 37° C is much slower than the observed loss in nicotinic acid during acid formation by L. arabinosus. But during acid formation it exists partly as a complex with triosephosphate dehydrogenase, and partly as dihydrocozymase and as its complex with lactic dehydrogenase. The proportions of cellular cozymase which exist in these and other forms will vary with the metabolic activities of the cell. The stabilities of cozymase in the different forms are unlikely to be the same. If glycolysis causes a greater proportion of cozymase to be in a less stable form, then glycolysis will be expected to be accompanied by a loss of cozymase which is to some extent proportional to the progress of glycolysis itself. Experiments with dihydrocozymase in buffer solutions over the pH range of the assay have suggested it to be less stable than cozymase but more stable than required to account for the loss in assay.
(2) The assay (a) Partial catalytic capacity. Under the conditions chosen for assay, quantities of titratable acid are produced which are about proportional to the quantities of nicotinic acid added. This regularity expresses the same type of relationship as is expressed by the catalytic capacity of nicotinic acid; but whereas the catalytic capacity of nicotinic acid is the total quantity of titratable acid which can be produced during the consumption of a given quantity of nicotinic acid, the assay curve refers to a lesser quantity of titratable acid and represents only a partial catalytic capacity of the nicotinic acid added. For the standard assay curve to remain linear, a constant fraction of the catalytic capacity of each of the varying quantities of added nicotinic acid, must be used. I t is easy to obtain conditions in which this is not the case. If the standard tubes of an assay are titrated on their first day of growth, the quantity of titrated acid does not increase as rapidly as does the added nicotinic acid (figure 1). A similar response is obtained when quantities of nicotinic acid are employed which are larger than those of figure 1 and when media or other conditions of growth are less satisfactory.
(b) Self-compensation in assay. Figure 1 illustrates how during an ordinary assay the partial catalytic capacity of the nicotinic acid which is used in acid formation is at first variable, but after 3 days it becomes a constant fraction of the whole. This change is an essential part of a satisfactory assay. I t is not to any major extent due to further growth of the bacteria (figure 3), but can be understood in terms of the defined catalytic capacity of nicotinic acid. For a lesser initial formation of titratable acid leaves in the cells a greater quantity of nicotinic acid, and so allows them a greater rate of formation of titratable acid during the later period. The assay system is thus self-compensating in a manner which would not obtain if nicotinic acid were not being lost from the cells during its progress. I t is presumably as a result of such compensation, th a t variation may occur in the quantity of bacterial growth without detriment to the assay, and also th a t the assay does not require very accurate control of temperature.
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